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The [RNQ+] prion

A model of both functional and pathological amyloid
Kevin C. Stein and Heather L. True*
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m.d., multi dot; G/F, glycine and phenylalanine domain; G/M, glycine and methionine domain

The formation of fibrillar amyloid is most often associated
with protein conformational disorders such as prion diseases,
Alzheimer disease and Huntington disease. Interestingly,
however, an increasing number of studies suggest that amyloid
structures can sometimes play a functional role in normal
biology. Several proteins form self-propagating amyloids
called prions in the budding yeast Saccharomyces cerevisiae.
These unique elements operate by creating a reversible,
epigenetic change in phenotype. While the function of the
non-prion conformation of the Rnq1 protein is unclear, the
prion form, [RNQ+], acts to facilitate the de novo formation of
other prions to influence cellular phenotypes. The [RNQ+] prion
itself does not adversely affect the growth of yeast, but the
overexpression of Rnq1p can form toxic aggregated structures
that are not necessarily prions. The [RNQ+] prion is also involved
in dictating the aggregation and toxicity of polyglutamine
proteins ectopically expressed in yeast. Thus, the [RNQ+] prion
provides a tractable model that has the potential to reveal
significant insight into the factors that dictate how amyloid
structures are initiated and propagated in both physiological
and pathological contexts.

(reviewed in refs. 4–6). Hence, elucidating how amyloid structures form and propagate is critical to understanding disease
pathogenesis and determining how this type of folded structure
can have a physiological function.
Much information regarding amyloid formation has been
gleaned from the yeast model system and the range of tools it
provides. Several unrelated proteins have been demonstrated to
form prions in yeast. Yeast prions are associated with changes
in phenotype that are inherited epigenetically, thereby showing
how amyloid structures can provide a means of regulating cellular functions and phenotypes. Three well-studied yeast prions
are [PSI +], [URE3] and [RNQ +], formed by the proteins Sup35,
Ure2 and Rnq1, respectively. When the essential translation termination factor Sup35p is sequestered into aggregates in [PSI +]
cells, it alters translation termination and acts as an omnipotent
nonsense suppressor.7,8 [PSI +] provides growth advantages under
certain conditions and as such, it is interesting to consider how
this type of element could impact the ability of yeast to adapt to
changing environments and ultimately govern the evolution of
new traits.9-16 When the transcriptional regulator Ure2p forms
the [URE3] prion, the transcription of genes involved in nitrogen
catabolism is derepressed.17 This allows the cell to utilize poor
nitrogen sources in the presence of good nitrogen sources.
In contrast to Sup35p and Ure2p, the physiological function
of the Rnq1 protein has yet to be determined. The [RNQ +] prion,
however, is required for the de novo formation of both [PSI +] and
[URE3], and was originally classified as the [PIN +] element, for
[PSI +] inducible.18-22 The [RNQ +] prion has been found in wild
yeast isolates,23,24 suggesting that it might not be detrimental in
many genetic backgrounds and growth conditions and instead
may play some functional role. While [PSI +] and [URE3] were
discovered by phenotype, Rnq1p was identified as a putative
prion protein by analyzing the yeast proteome for sequences similar to the glutamine and asparagine (Q/N)-rich prion-forming
domains (PFDs) of Sup35p and Ure2p.25 These domains are
defined as the regions that are both necessary and sufficient for
prion formation.26 Definitive confirmation of the prion properties of Rnq1p was shown by transforming in vitro generated
Rnq1p-PFD fibers (purified, recombinant Rnq1p-(132–405))
into [rnq-] yeast to convert cells to [RNQ +].27,28 Like other yeast
prion proteins, as well as those associated with protein conformational disorders, Rnq1p has the propensity to form amyloid in

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

Introduction
Protein conformational disorders are associated with the misfolding and aggregation of proteins into cross-β-sheet structures
called amyloid.1 Interestingly, these disorders may result from
a common underlying mechanism that has been described as
prion-like.2 Prions are proteins that form a self-propagating, amyloid-like structure that converts protein from its native state into
the prion conformation.3 When the mammalian protein PrP misfolds to its prion conformation, it is infectious. This infectious
prion protein is the causative agent of one class of mammalian
protein conformational disorders called transmissible spongiform
encephalopathies. While the term amyloid is traditionally used in
the context of cellular dysfunction and disease, many examples of
amyloid structures with normal cellular functions are emerging
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vitro with parallel in-register cross-β-sheets.29 Strikingly, prion
proteins can form several unique prion variants (or strains) that
have slight differences in their β-sheet structure that constitute
distinct amyloid conformations.30,31 Such different structures are
presumably the underlying cause of the diverse phenotypic variation seen in both yeast and in prion diseases.22,32-34 In the case of
Rnq1p, several different [RNQ +] variants have been described,
and these correspond to different levels to which they facilitate
the formation of [PSI +].22
In this review, we summarize the properties and protein
interactions of the [RNQ +] prion and highlight its similarities
and differences to other yeast prions. This discussion provides a
framework to study how [RNQ +] may represent another example
of a functional amyloid. In addition, we describe how [RNQ +]
can be used to model pathological amyloid, thereby showing how
the same protein may form both toxic and non-toxic aggregates.
The PFD of Rnq1p is Complex
and May Not be Confined to the Q/N-Rich Region
The N-domain of Rnq1p may be involved in [RNQ +] maintenance. While most polypeptides may be able to form amyloid structures given the right conditions, there are a number of
intrinsic factors that determine whether a protein will aggregate
under physiological conditions in vivo.35 A high degree of hydrophobicity, minimal net charge, and an intrinsically disordered
region often contribute to the propensity of many amyloidogenic proteins, such as PrP and the Alzheimer disease protein
Aβ, to form β-sheets and aggregate.1 In contrast, polyglutamine
(polyQ) proteins are characterized by having a long, highly polar
stretch of glutamine residues.36 The PFDs of many yeast prion
proteins are similarly polar as they are enriched in glutamines
and asparagines.26 Thus, our understanding of how amino acid
composition influences aggregation and amyloid formation is
incomplete.
The PFD of Rnq1p was initially defined as the C-terminal
Q/N-rich region (aa 153–405) by sequence analysis using the
PFDs of Sup35p and Ure2p, and this was later verified experimentally.25 The N-terminal domain (aa 1–152) of Rnq1p, on the
other hand, has no known function. To better understand the
regions of Rnq1p that are important for [RNQ +] propagation, the
effect of a series of RNQ1 truncations on [RNQ +] propagation
was tested.37 With the exception of one construct (aa 172–405)
that transmitted [RNQ +] more efficiently than the entire PFD
(aa 133–405 in this case), the efficiency of propagation decreased
with decreasing fragment lengths. This result provided the first
indication that, in addition to the PFD, the N-domain may be
involved in maintenance of the [RNQ +] prion.
Other studies have also revealed a potential role for the
N-domain in the propagation of [RNQ +]. An interaction between
Rnq1p and the Hsp40 Sis1p is required for [RNQ +] propagation.38
Mutation of one residue in Rnq1p in the putative Sis1p binding
site (L94A) disrupts this interaction and eliminates the [RNQ +]
prion.39,40 This suggests that the N-terminus of Rnq1p facilitates
the interaction with Sis1p to maintain [RNQ +]. Additionally,
rnq1 alleles having missense mutations in the N-terminus of

Rnq1p destabilize [RNQ +] propagation,41,42 further supporting
the notion that this domain is involved in [RNQ +] propagation.
Interestingly, however, these rnq1 mutants do not disrupt the
interaction with Sis1p,41 suggesting that the N-terminal region
may contribute functions beyond interaction with Sis1p. Finally,
in a screen aimed to identify residues in the Rnq1p-PFD important for [RNQ +] propagation, none of the PFD mutants impaired
[RNQ +] when tested in the context of full-length Rnq1p,43 and
only one mutation in the PFD that affects [RNQ +] propagation
has since been found.41 Collectively, these data yield conflicting
results as to whether the N-terminus of Rnq1p acts as a positive
or negative regulator in the maintenance of the [RNQ +] prion.
Elucidating the role of the N-domain will provide insight into
how other intragenic or non-PFD regions may be involved in the
formation and propagation of amyloid structures in a pathological or physiological setting.
The Rnq1p-PFD is comprised of multiple recognition elements that act cooperatively. In addition to regions outside of
the Rnq1p-PFD being involved in [RNQ +] propagation, it seems
clear that the Rnq1p-PFD is more complex than the PFDs of
Sup35p or Ure2p. The Sup35p-PFD, for example, is much smaller
(aa 1–123) with two defined regions important for [PSI +] propagation: a short Q/N-rich tract (aa 5–27) and a region of clearly
defined oligopeptide repeats (aa 41–95).33,44 These regions can be
functionally separated into sequences important for prion formation and sequences important for prion propagation.45 Likewise,
the oligopeptide repeats in the mammalian prion protein, PrP,
are involved in dictating prion infectivity.46-48 In contrast, Ure2p
does not have any oligopeptide repeats and the Rnq1p-PFD has
loosely defined oligopeptide repeats among four largely separated Q/N-rich regions.26 Hence, the regions that influence the
propagation and heritability of Rnq1p aggregates remain poorly
defined. None of the four Q/N-rich regions of the Rnq1p PFD
is sufficient to maintain [RNQ +].49 The presence of either QN2
(aa 218–263) or QN4 (aa 337–405) is required, but the presence
of QN1 (aa 185–198) or QN3 (aa 279–319) strongly enhances
propagation.49 Thus, the Rnq1p-PFD has multiple sequence
determinants that cooperate to propagate [RNQ +], thereby creating a complex, composite PFD with ill-defined roles for each of
these sequence elements. Defining these roles will help us understand how the primary sequence of a protein is involved in dictating amyloid formation.
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[RNQ+] Propagation Depends
on Interactions with Chaperones
Differential roles of chaperones on prion propagation. A conserved network of molecular chaperones helps proteins adopt and
maintain their proper fold, thereby combating the misfolding and
aggregation of proteins that can cause disease.50 Chaperones also
play a major role in the propagation of all yeast prions.51-53 Proteins
in the Hsp40 and Hsp70 families deliver aggregated substrates to
the disaggregase Hsp104p for resolubilization.54,55 This process
serves to fragment prion aggregates into seeds that can be efficiently transmitted from mother to daughter cells during mitosis.56-58 Both Hsp104p and the essential Hsp40 Sis1p are required
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for the propagation of [PSI +], [URE3] and [RNQ +].25,38,59-61
Several lines of evidence, however, suggest that these chaperones may be differentially involved in propagating these prions.
[PSI +], [URE3] and [RNQ +] show distinct sensitivities to both
expression levels and mutation of Sis1p and Hsp104p.40,60,62,63 The
overexpression of Hsp104p eliminates [PSI +], but does not affect
propagation of [RNQ +] or [URE3].8,38,59,61 In contrast, [RNQ +]
and [URE3] are more sensitive to Sis1p levels than [PSI +]. Sis1p
overexpression does not affect [RNQ +] propagation,38 but when
Sis1p is downregulated, both [RNQ +] and [URE3] are lost within
20 generations as compared to >60 generations that it takes to
lose [PSI +].60,64 When Hsp104p is inhibited by guanidine hydrochloride, though, the rate of loss is similar for all three prions and
is comparable to the loss of [RNQ +] and [URE3] when Sis1p is
downregulated.60 One possible explanation as to why these prions show different sensitivities to Sis1p is that one of the other
12 Hsp40s present in yeast could partially compensate for Sis1p
in [PSI +] propagation. However, none of the other Hsp40s are
required for propagation of [PSI +], [URE3] or [RNQ +].60,65 Besides
Sis1p, the only other Hsp40 shown to bind Rnq1p is Ydj1p.65,66
Ydj1p is dispensable for [RNQ +] propagation,65 but the overexpression of Ydj1p cures some variants of [RNQ +].22 Such differences in chaperone requirements of [RNQ +], [PSI +] and [URE3]
may indicate that the structural differences between different
prions and/or variants are responsible for dictating how chaperones recognize or fragment prion aggregates. Our understanding
of this highly specific interplay between molecular chaperones
and prions is far from complete. Additional mechanistic studies
are required to better understand how chaperones regulate prion
propagation—an understanding that could lead to therapeutic
development for protein conformational disorders.
Sis1p and [RNQ +] propagation. Sis1p binds Rnq1p in equimolar ratios in [RNQ +] cells and this interaction is required for
[RNQ +] propagation.38-40,65 Both the human homolog of Sis1p,
HDJ1, and the Drosophila homolog, DROJ1, can compensate for
the loss of Sis1p in viability and [RNQ +] propagation, suggesting
a conserved function of Sis1p acts in prion propagation.65 The
sequences of Class I and Class II Hsp40s were compared to analyze the specificity of Sis1p in prion propagation.65 Both types of
Hsp40s have an N-terminal J-domain that mediates their interaction with Hsp70s and stimulates Hsp70 ATPase activity.67 A
glycine-rich region is adjacent to the J-domain in both classes
as well. In Sis1p, this domain is divided into two parts: a G/F
domain rich in glycine and phenylalanine residues and a G/M
domain rich in glycine and methionine. The function of these
domains is unclear. Following the glycine-rich domain, Class I
Hsp40s have a cysteine-rich domain that is not present in Class II
Hsp40s like Sis1p. Lastly, both classes have a C-terminal domain
(CTD) that can bind unfolded substrates in vitro.68 The G/F
domain is the most critical part of Sis1p in [RNQ +] propagation
as its deletion eliminates [RNQ +], although the G/M domain
and the CTD are also likely to be involved as deletion of these
domains alters aggregates of Rnq1p.38 The dependence of [RNQ +]
on the G/F domain helps explain the specificity of Sis1p, as this
region is fairly unique among Hsp40s. The region of aa 101–113
in the Sis1p G/F domain is not present in other Hsp40s, and is

required for [RNQ +] propagation: two point mutations in this
region (N108I and D110G) impair maintenance of [RNQ +].65
Interestingly, in vitro, Sis1ΔG/F can still bind substrates and
stimulate ATPase activity of the Hsp70 Ssa1p,69 which can interact with Rnq1p.38 This suggests that these functions of Sis1p are
dispensable for [RNQ +] propagation, thereby making it unclear
as to how Sis1p mediates propagation of [RNQ +]. Moreover,
downregulation of Sis1p or Hsp104p cures [RNQ +] by increasing
the size of Rnq1p aggregates in [RNQ +] cells64 beyond a certain
threshold that can be effectively transmitted to daughter cells.70
Perplexingly, the overexpression of Ssa1p also causes an increase
in Rnq1p aggregate size.71 Thus, the chaperone dynamics
involved in fragmenting Rnq1p aggregates to propagate [RNQ +]
are still poorly defined.
[RNQ+] as a Functional Amyloid: A Two-Prion System
to Regulate the Formation of New Heritable Traits
Discovery of [PIN +]. Before Rnq1p was recognized to form the
[RNQ +] prion,25 it was discovered that the de novo formation of
[PSI +] depended on the presence of [PIN +], a non-Mendelian factor that was presumed to be a prion.18,19 It was later found that
[RNQ +] was the [PIN +] element and that while Δrnq1 cells maintained [PSI +], the de novo formation of [PSI +] did not occur in
Δrnq1 cells.20,21 Overexpressing other Q/N-rich proteins can also
confer the Pin+ phenotype by enhancing the formation of [PSI +],
but [RNQ +] does so most efficiently and does not require the overexpression of RNQ1.20,72 Once [PSI +] has formed, both [RNQ +]
and [PSI +] can propagate independently,19,73 and the presence of
[RNQ +] does not affect [PSI +]-mediated nonsense suppression
nor most [PSI +]-dependent phenotypes.19 This was the first published example of a productive interaction between heterologous
prions.74 It is interesting, then, to consider the biological consequences of [RNQ +] and its influence on [PSI +]. The presence
of the [PSI +] prion has profound phenotypic effects and confers
growth advantages in certain conditions.9,75,76 Not surprisingly,
the reduced efficiency of translation termination can also be detrimental.9,76 Different [PSI +]-mediated phenotypes are observed
in different genetic backgrounds.9,76 Even different stocks of the
same strain can show different phenotypes: for instance, different
stocks of the strain 74-D694 show phenotypic variation and some
have even lost the ability to recover from stress (refs. 9 and 76 and
unpublished data). These differences highlight the complexity of
many of these phenotypes and are partly due to additional mutations, but unfortunately, this has been referred to as conflicting
evidence for the potential of [PSI +] to be beneficial.77,78 Yet, the
molecular nature of some [PSI +]-dependent phenotypes has been
elucidated.76,79 As these traits depend on the ability of [PSI +] to
act as an omnipotent nonsense suppressor, it has been proposed
that [PSI +] provides an epigenetic means for adapting to changing environments.9-11 It is currently unclear whether [PSI +] exists
in wild strains, as the primary method used to assay for [PSI +]
in wild strains (Sup35-PFD-GFP aggregation23) is inconclusive
as it typically requires the presence of both [PSI +] and [RNQ +].
For example, some [PSI +] [rnq-] “BSC” strains (Cox and Tuite11)
do not show fluorescent foci when expressing Sup35-PFD-GFP
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(True and Lindquist, unpublished data). Nevertheless, the existence of [PSI +] in the wild would be predicted to be transient
and may not easily survive the switch to laboratory cultivation.
Since [RNQ +] is required for [PSI +] to form and is present in wild
yeast isolates,23,24 it follows that the [RNQ +] prion may serve to
poise cells to form [PSI +] when environmental conditions change.
In this way, this two-prion system may regulate translation and
the ability of yeast to quickly adapt by using otherwise unavailable genetic information. More recently, it was discovered that
[RNQ +] is also required for the formation of [URE3].22,80 [URE3]
regulates nitrogen catabolism and may provide growth advantages in high concentrations of certain ions.81 As such, the presence of [RNQ +] may allow the cell to adapt to environmental
changes and utilize a variety of nitrogen sources. Further examination of these interactions may eventually establish the [RNQ +]
prion as a functional amyloid.
[RNQ +] exists in different aggregated structures. Distinct
aggregated structures of the mammalian prion protein, PrP, form
unique prion strains that dictate disease transmissibility and are
thought to be the underlying cause of much of the variation in
the pathology of prion diseases.32 Definitive proof that changes
in amyloid conformation can cause phenotypic variation came
from studies of [PSI +] prion variants. Weak [PSI +] variants are
characterized by lower levels of nonsense suppression and have
aggregates that are larger, more stable, and show a slower rate of
amyloid formation as compared to fibers that form strong [PSI +]
variants.31,82-84 A model was proposed to explain the molecular
basis of prion variants, positing that fiber stability and the kinetics of amyloid formation were the two primary determinants
of the prion variant that propagated.85 In contrast, for [RNQ +]
variants similarly formed from transforming in vitro fibers, only
fiber stability correlates with the proposed model: aggregates of
weaker [RNQ +] variants are more stable, but exhibit a faster rate
of fiber formation.28 This suggests that the factors that determine
the physical basis of [RNQ +] variants may not be the same as
those that define [PSI +] variants.28,85 Elucidating how different
prion variants form and propagate is critical to understanding
how different aggregated structures can modulate disease pathology. Indeed, even with one prion protein, different mechanisms
may act to generate different classes of prion strains. Strains
formed with PrP, for instance, do not all fit into one simple model
that correlates biochemical and biophysical properties to in vivo
propagation.86,87
Interestingly, the de novo appearance of [PSI +] not only
depends on the presence of [RNQ +], but also on the prion variant
of [RNQ +]. [RNQ +] variants were initially classified by how well
they induce [PSI +]. [PSI +] is induced at a low frequency with the
low [RNQ +] variant, and increasing levels of [PSI +] induction are
seen with the medium, high and very high [RNQ +] variants.22
This classification only partly correlates to the level of aggregated
Rnq1p, with decreasing levels of soluble Rnq1p seen from the
low [RNQ +] to the high [RNQ +] variant. The very high [RNQ +]
variant was an outlier and showed the most soluble Rnq1p of the
[RNQ +] variants.22 This change in solubility of the Rnq1 protein
in these variants is often difficult to detect,40 however, and not
as marked as the changes seen with variants of [PSI +]. Moreover,

there is no correlation with the size and distribution of Rnq1p
aggregates as there is for [PSI +] variants: medium [RNQ +] and
very high [RNQ +], for instance, exhibit nearly identical aggregate
distributions.73,82 Another means of categorizing [RNQ +] variants
is based on the aggregation pattern seen in [RNQ +] cells expressing Rnq1p-GFP: single dot (s.d.) for a single focus of fluorescence,
or multi dot (m.d.) for cells having multiple foci.88 Curiously, the
relationship between [RNQ +] and [URE3] does not follow the
same trend as [RNQ +] and [PSI +]. All of the s.d. [RNQ +] variants
induce [URE3] similarly, while m.d. high [RNQ +] is unique and
has the highest level of [URE3] formation.22 This suggests that
[RNQ +] interacts differently with Sup35p and Ure2p to promote
prion formation. Further investigation of these heterologous
prion interactions will help elucidate one means by which prion
variants can form de novo.
Models of [RNQ +]-mediated [PSI +] formation. Two predominant models have been proposed to explain how [RNQ +] facilitates the formation of the [PSI +] prion.20,21 The titration model
postulates that in [rnq-] cells, some factor prevents the formation of [PSI +], but the [RNQ +] prion sequesters this inhibitor to
allow for conversion to [PSI +].20,21 Alternatively, the cross-seeding
model proposes that the Rnq1p aggregates in [RNQ +] cells physically interact with Sup35p and serve as an imperfect template
for [PSI +] formation.20,21 While these models are not mutually
exclusive, no inhibitor has been found to date, even though much
work has been directed toward this goal.20 Additionally, in support of a physical interaction between Rnq1p and Sup35p, fibers
of recombinant Rnq1p can seed the amyloid formation of recombinant Sup35p, albeit inefficiently, and Rnq1p and Sup35p have
been shown to occasionally colocalize.72,89 Furthermore, rnq1
mutations have been identified that have no detectable effect
on the structure of Rnq1p aggregates, but impair the formation
of [PSI +], suggesting that these residues may physically interact
with Sup35p to induce [PSI +].43 Of course, these findings do not
exclude the possibility that some cofactor is also involved in this
process. Nevertheless, such cross-seeding or co-aggregation of
amyloidogenic proteins may play a role in sporadic protein conformational disorders and this model provides the framework to
understand how that may occur.
Non-productive amyloid interactions. In addition to facilitating prion formation, [RNQ +] is involved in seemingly “nonproductive” prion interactions, the purpose of which is unclear.
For example, [RNQ +] can induce formation of Sup35p aggregates that are not [PSI +], termed non-heritable amyloid.90 Unlike
[PSI +], which propagates independently after induction, the overexpression of Sup35p and continuous interaction with [RNQ +]
are required to maintain these non-heritable aggregates, which
may represent by-products of [PSI +] formation. Additionally, the
presence of [PSI +] can enhance the formation of [RNQ +].20
Interestingly, [URE3] and [PSI +] can antagonize each other.91
Shortly after that discovery, it was paradoxically found that certain [RNQ +] and [PSI +] variants are incompatible.88 For example,
s.d. [RNQ +] variants destabilize weak [PSI +] by increasing the size
of Sup35p aggregates.71,88 Such destabilization was not seen for
the m.d. high [RNQ +] variant. This relationship was reciprocal
for the s.d. medium [RNQ +] and s.d. very high [RNQ +] variants,

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

294

Prion

Volume 5 Issue 4

as the cells that did not form unstable [PSI +] converted to [rnq-]
instead. This incompatibility was also seen with newly-induced
[PSI +]: after inducing the formation of strong [PSI +], 70% of s.d.
medium [RNQ +] cells and 37% of s.d. very high [RNQ +] cells
became [rnq-].88 Furthermore, all s.d. medium [RNQ +] cells that
had stably acquired weak [PSI +] became [rnq-]. The mechanism
behind these incompatible or non-productive prion interactions
is unknown, but this may reveal how some protein aggregates can
cap other aggregates or compete for cellular resources.
Mutations in RNQ1 have also been found to negatively affect
[PSI +] propagation. Deletion of the first 100 amino acids of
Rnq1p (Rnq1pΔ100) was found to inhibit the propagation of
strong [PSI +].92 Overexpression of the Rnq1Δ100 protein eliminated both weak and strong [PSI +] in a [RNQ +]-dependent manner, regardless of any particular [RNQ +] variant. Additionally,
Rnq1pΔ100 inhibits [URE3] propagation and reduces the toxicity of polyQ aggregates.92 Rnq1pΔ100 was later classified as a
prion ([RNQ1Δ100 +]) that induces [PSI +], but the Rnq1pΔ100mediated induction then results in the loss of either [RNQ1Δ100 +]
or [PSI +].93
Most recently, 23 point mutations within the N-terminus
of Rnq1p were uncovered that are phenotypically similar to
Rnq1pΔ100.42 The overexpression of these mutants resulted in
the [RNQ +]-dependent elimination of [PSI +] by increasing the
size of Sup35p aggregates.42 Interestingly, when expressed from
the native RNQ1 promoter, these mutants did not affect [PSI +],
but impaired [RNQ +] propagation.41,42 Most of these mutations
map to the putative α-helical domains of Rnq1p, and while
the authors propose that these regions are involved in facilitating protein-protein interactions, the mechanism underlying the
antagonistic prion interactions is unclear. One possibility is that
disrupting the structure of the N-terminus may cause a gain-offunction effect through non-productive interactions with Sup35p
that may result in capping to cure [PSI +]. However, one can only
speculate how these seemingly non-productive prion interactions
relate to the potential role that [RNQ +] may play in inducing
[PSI +] as a means of adapting to fluctuating environments. It is
feasible, for example, that the incompatibility between certain
protein conformers serves as a binary switch to regulate [PSI +]mediated adaptation.

vitro.97 The role of these chaperones in dictating polyQ aggregation and toxicity is linked to their role in propagating the [RNQ +]
prion: both deletion of RNQ1 and curing of [RNQ +] suppress
polyQ aggregation and its associated toxicity.95 This also corroborated earlier findings that Pin+ factors enhance the formation of
polyQ aggregates.21
[PSI +] also enhances polyQ toxicity and has an additive effect
when [RNQ +] is present,96 although most yeast models of polyQ
aggregation show a stricter dependence on [RNQ +]. In a reciprocal fashion, polyQ aggregates can induce aggregation (though
not prion formation) of both Rnq1p and Sup35p,98,99 thereby
showing how co-aggregation of polyQ and/or Q/N-rich proteins
may play a major role in disease pathogenesis. Similarly, while
sequences flanking the expanded polyQ repeats can modulate
this toxicity, these sequences have the same effect when expressed
in trans, and other Q-rich proteins also influence polyQ toxicity.100,101 Importantly, however, all of these effects rely on the presence of the [RNQ +] prion.
Insight into how Rnq1p modulates polyQ aggregation and
toxicity came from the observation that mutations in endocytic
proteins enhance toxicity in a [RNQ +]-dependent manner.102
PolyQ aggregates partially sequester the endocytic machinery and
actin, thereby inhibiting endocytosis. This defect was also seen in
mammalian cells.102 It was later discovered that proteins associated with the late stages of the maturing endocytic complexes are
recruited into polyQ aggregates.103 This co-aggregation is most
likely due to the polyQ stretches present in many endocytic proteins. Similarly, Rnq1p and multiple chaperones also associate
with aggregates of polyQ protein in [RNQ +] cells.100,102,104 These
protein interactions may help initiate polyQ aggregation, and the
Q/N-rich Rnq1p aggregates in [RNQ +] cells might template this
process. Since Rnq1p has no known mammalian homolog, however, it is unclear whether a similar mechanism occurs in human
disease. Nevertheless, the yeast model of polyQ aggregation provides a means of determining candidate proteins that may be
involved in either suppressing or enhancing polyQ toxicity, and
thereby provides a viable approach to identify novel therapeutic
targets.105 As such, the strict dependence of polyQ aggregation on
the [RNQ +] prion shows how [RNQ +] can aid in studying pathological amyloid.
Rnq1p overexpression is toxic in [RNQ +] cells. In addition to
its role in facilitating polyQ toxicity, it was shown that the overexpression of Rnq1p in [RNQ +] cells can also result in gain-offunction toxicity.39 This toxicity required strong overexpression
of full-length Rnq1p, as overexpression of either the PFD or the
N-domain alone was not toxic. Overexpression of Sup35p in [PSI +]
cells can also be toxic.33 In this case, it is clear that the essential
termination complex is sequestered into [PSI +] aggregates and the
toxicity is rescued by overexpression of Sup35p’s binding partner,
Sup45p.106,107 Analogously, the overexpression of Sis1p suppresses
the toxicity of Rnq1p overexpression.39 This rescue depends on
the translocation of Rnq1p into the nucleus, resulting in increased
Rnq1p aggregate formation.108 Perhaps through a very different
mechanism, overexpressing Rnq1p-L94A in [RNQ +] cells is also
toxic. Sis1p overexpression does not suppress the L94A-induced
toxicity since this mutant impairs the Rnq1p-Sis1p interaction.39
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[RNQ+] as a Model for Pathological Amyloid
polyQ aggregation depends on [RNQ +]. A number of inherited
human diseases are caused by the expansion of glutamine repeat
sequences beyond a certain threshold in particular proteins.36
These expanded polyQ proteins are prone to aggregation that is
associated with cytotoxicity and leads to neurodegeneration and
ultimately death. Yeast models were created to provide a tractable means of studying the aggregation mechanisms of these
proteins.94-96 Interestingly, the overexpression of the chaperones
intimately involved in prion maintenance (Sis1p, Hsp104p and
Hsp70s) modulated aggregation of the huntingtin (Htt) protein
that had a pathological polyQ expansion.94 Deletion of HSP104
effectively eliminated aggregation. The importance of these
chaperones in regulating polyQ aggregation was also validated in
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Interestingly, Rnq1p-L94A overexpression is also toxic in [rnq-]
cells, which can be attributed to its ability to form “off-pathway”
aggregates in the absence of [RNQ +]. As seen for wild-type Rnq1p,
however, directing Rnq1p-L94A to the nucleus via the addition of
a nuclear localization signal suppresses toxicity.108 Furthermore,
nuclear Rnq1p aggregates can act in trans to sequester Rnq1p
from the cytosol and repress toxicity. It has been proposed that
Rnq1p overexpression causes the accumulation of an off-pathway,
toxic aggregate in the cytoplasm, but the nucleus provides an
environment for more efficient formation into benign aggregates.
These nuclear aggregates can also localize polyQ to the nucleus.108
Yet, instead of suppressing toxicity, nuclear translocation of polyQ
enhances toxicity by decreasing the formation of SDS-resistant
polyQ aggregates.108 Hence, while the nucleus may provide a better environment for the formation of a benign amyloid structure
for Rnq1p, the nuclear environment renders polyQ more soluble
and more toxic.
Ydj1p has also been shown to modulate Rnq1p-associated toxicity. Overexpression of the Rnq1p-PFD is toxic in Δydj1 [RNQ +]
cells, even though it is not toxic in wild-type cells.66 In contrast to
full-length Rnq1p, this toxicity is associated with the formation
of SDS-resistant aggregates. The expression of Ydj1p was suggested to suppress this toxicity by binding to the Rnq1p-PFD and
limiting the pool of aggregates. This suppression requires several features of Ydj1p: the zinc finger-like region (ZFLR) that is
implicated in transfer of substrates to Hsp70s,109 the C-terminal
domain 1 (CTD1), which contains a hydrophobic peptide-binding pocket,110 and farnesylation of the CAAX box.66 Interestingly,
these same domains were required for the Ydj1p-dependent suppression of polyQ toxicity.66 These common mechanisms highlight the utility of Rnq1p as a model to further investigate the
cellular machinery that regulates proteotoxicity. Additionally,
these models may help to determine what types of protein conformers are toxic to cells.

Conclusions
While the term amyloid is generally associated with the proteins
that aggregate in protein conformational disorders, there are an
increasing number of examples of amyloid structures having a
functional role in normal biology.4,5 Clearly, some amyloidogenic
proteins have the potential to form both toxic and non-toxic
structures. From a structural standpoint, this is best detailed
with the prion protein Het-s in the filamentous fungi Podospora
anserina. Structures of Het-s associated with toxicity are amyloids having antiparallel β-sheets, whereas the benign structures
identified form parallel β-sheets.111 Similarly, the [RNQ +] prion
may simultaneously serve as an example of a functional amyloid
and as a model for understanding pathological amyloid, thereby
allowing us to examine a number of questions relevant to either
a physiological or disease context: What is the toxic protein conformer? How are protein aggregates toxic? What types of heterotypic interactions do amyloidogenic proteins have? How can
a single protein form different aggregated structures? How do
these various structures cause changes in phenotype? Studying
these questions using the [RNQ +] prion will further our understanding of protein conformational disorders and perhaps also
explain why evolution has preserved proteins that are susceptible
to toxic conversion. Indeed, there are examples in biology of balancing selection, in which a certain trait has been conserved even
though it is associated with disease, such as the sickle cell trait
providing some resistance to malaria.112,113

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

References
1.

2.

3.
4.

5.

6.

7.

8.

9.

296

Chiti F, Dobson CM. Protein misfolding, functional
amyloid and human disease. Annu Rev Biochem 2006;
75:333-66.
Soto C, Estrada L, Castilla J. Amyloids, prions and the
inherent infectious nature of misfolded protein aggregates. Trends Biochem Sci 2006; 31:150-5.
Colby DW, Prusiner SB. Prions. Cold Spring Harb
Perspect Biol 2011; 3:6833.
Fowler DM, Koulov AV, Balch WE, Kelly JW.
Functional amyloid—from bacteria to humans. Trends
Biochem Sci 2007; 32:217-24.
Tuite MF, Serio TR. The prion hypothesis: from biological anomaly to basic regulatory mechanism. Nat
Rev Mol Cell Biol 2010; 11:823-33.
Shewmaker F, McGlinchey RP, Wickner RB. Structural
insights into functional and pathological amyloid.
J Biol Chem 2011; 286:16533-40.
Patino MM, Liu JJ, Glover JR, Lindquist S. Support
for the prion hypothesis for inheritance of a phenotypic
trait in yeast. Science 1996; 273:622-6.
Paushkin SV, Kushnirov VV, Smirnov VN, TerAvanesyan MD. Propagation of the yeast prion-like
[psi+] determinant is mediated by oligomerization of
the SUP35-encoded polypeptide chain release factor.
EMBO J 1996; 15:3127-34.
True HL, Lindquist SL. A yeast prion provides a mechanism for genetic variation and phenotypic diversity.
Nature 2000; 407:477-83.

Acknowledgments

We would like to thank Martin Duennwald, Jeffrey Moore,
Liana Stein, and the members of the True laboratory for critical
reading and discussion of the manuscript. Work on the [RNQ +]
and [PSI +] prions in the True lab is supported by the NIH and
NSF.

10. True HL, Berlin I, Lindquist SL. Epigenetic regulation of translation reveals hidden genetic variation to
produce complex traits. Nature 2004; 431:184-7.
11. Eaglestone SS, Cox BS, Tuite MF. Translation termination efficiency can be regulated in Saccharomyces cerevisiae by environmental stress through a prion-mediated
mechanism. EMBO J 1999; 18:1974-81.
12. Masel J, Bergman A. The evolution of the evolvability
properties of the yeast prion [PSI+]. Evolution Int J Org
Evolution 2003; 57:1498-512.
13. Masel J. Cryptic genetic variation is enriched for potential adaptations. Genetics 2006; 172:1985-91.
14. Giacomelli MG, Hancock AS, Masel J. The conversion
of 3' UTRs into coding regions. Mol Biol Evol 2007;
24:457-64.
15. Masel J, Griswold CK. The strength of selection against
the yeast prion [PSI+]. Genetics 2009; 181:1057-63.
16. Lancaster AK, Bardill JP, True HL, Masel J. The
spontaneous appearance rate of the yeast prion [PSI+]
and its implications for the evolution of the evolvability properties of the [PSI+] system. Genetics 2010;
184:393-400.
17. Wickner RB. [URE3] as an altered URE2 protein:
evidence for a prion analog in Saccharomyces cerevisiae.
Science 1994; 264:566-9.
18. Derkatch IL, Bradley ME, Zhou P, Chernoff YO,
Liebman SW. Genetic and environmental factors
affecting the de novo appearance of the [PSI+] prion in
Saccharomyces cerevisiae. Genetics 1997; 147:507-19.

Prion

19. Derkatch IL, Bradley ME, Masse SV, Zadorsky SP,
Polozkov GV, Inge-Vechtomov SG, et al. Dependence
and independence of [PSI(+)] and [PIN(+)]: A twoprion system in yeast? EMBO J 2000; 19:1942-52.
20. Derkatch IL, Bradley ME, Hong JY, Liebman SW.
Prions affect the appearance of other prions: the story
of [PIN(+)]. Cell 2001; 106:171-82.
21. Osherovich LZ, Weissman JS. Multiple Gln/Asn-rich
prion domains confer susceptibility to induction of the
yeast [PSI(+)] prion. Cell 2001; 106:183-94.
22. Bradley ME, Edskes HK, Hong JY, Wickner RB,
Liebman SW. Interactions among prions and prion
“strains” in yeast. Proc Natl Acad Sci USA 2002;
99:16392-9.
23. Nakayashiki T, Kurtzman CP, Edskes HK, Wickner
RB. Yeast prions [URE3] and [PSI+] are diseases. Proc
Natl Acad Sci USA 2005; 102:10575-80.
24. Resende CG, Outeiro TF, Sands L, Lindquist S,
Tuite MF. Prion protein gene polymorphisms in
Saccharomyces cerevisiae. Mol Microbiol 2003; 49:
1005-17.
25. Sondheimer N, Lindquist S. Rnq1: an epigenetic
modifier of protein function in yeast. Mol Cell 2000;
5:163-72.
26. Bruce KL, Chernoff YO. Sequence specificity and fidelity of prion transmission in yeast. Semin Cell Dev Biol
2011; 22:444-51.

Volume 5 Issue 4

27. Patel BK, Liebman SW. “Prion-proof ” for [PIN+]:
infection with in vitro-made amyloid aggregates of
Rnq1p-(132–405) induces [PIN+]. J Mol Biol 2007;
365:773-82.
28. Kalastavadi T, True HL. Analysis of the [RNQ+] prion
reveals stability of amyloid fibers as the key determinant
of yeast prion variant propagation. J Biol Chem 2010;
285:20748-55.
29. Wickner RB, Dyda F, Tycko R. Amyloid of Rnq1p,
the basis of the [PIN+] prion, has a parallel in-register
beta-sheet structure. Proc Natl Acad Sci USA 2008;
105:2403-8.
30. King CY, Diaz-Avalos R. Protein-only transmission of
three yeast prion strains. Nature 2004; 428:319-23.
31. Tanaka M, Chien P, Naber N, Cooke R, Weissman
JS. Conformational variations in an infectious protein determine prion strain differences. Nature 2004;
428:323-8.
32. Collinge J, Clarke AR. A general model of prion strains
and their pathogenicity. Science 2007; 318:930-6.
33. Derkatch IL, Chernoff YO, Kushnirov VV, IngeVechtomov SG, Liebman SW. Genesis and variability of [PSI] prion factors in Saccharomyces cerevisiae.
Genetics 1996; 144:1375-86.
34. Schlumpberger M, Prusiner SB, Herskowitz I.
Induction of distinct [URE3] yeast prion strains. Mol
Cell Biol 2001; 21:7035-46.
35. Dobson CM. Protein misfolding, evolution and disease. Trends Biochem Sci 1999; 24:329-32.
36. Zoghbi HY, Orr HT. Glutamine repeats and neurodegeneration. Annu Rev Neurosci 2000; 23:217-47.
37. Vitrenko YA, Pavon ME, Stone SI, Liebman SW.
Propagation of the [PIN+] prion by fragments of Rnq1
fused to GFP. Curr Genet 2007; 51:309-19.
38. Sondheimer N, Lopez N, Craig EA, Lindquist S. The
role of Sis1 in the maintenance of the [RNQ+] prion.
EMBO J 2001; 20:2435-42.
39. Douglas PM, Treusch S, Ren HY, Halfmann R,
Duennwald ML, Lindquist S, et al. Chaperonedependent amyloid assembly protects cells from prion
toxicity. Proc Natl Acad Sci USA 2008; 105:7206-11.
40. Bardill JP, Dulle JE, Fisher JR, True HL. Requirements
of Hsp104p activity and Sis1p binding for propagation
of the [RNQ(+)] prion. Prion 2009; 3:151-60.
41. Shibata S, Kurahashi H, Nakamura Y. Localization
of prion-destabilizing mutations in the N-terminal
non-prion domain of Rnq1 in Saccharomyces cerevisiae.
Prion 2009; 3:250-8.
42. Kurahashi H, Pack CG, Shibata S, Oishi K, Sako Y,
Nakamura Y. [PSI(+)] aggregate enlargement in rnq1
nonprion domain mutants, leading to a loss of prion in
yeast. Genes Cells 2011; 16:576-89.
43. Bardill JP, True HL. Heterologous prion interactions
are altered by mutations in the prion protein Rnq1p.
J Mol Biol 2009; 388:583-96.
44. DePace AH, Santoso A, Hillner P, Weissman JS. A
critical role for amino-terminal glutamine/asparagine
repeats in the formation and propagation of a yeast
prion. Cell 1998; 93:1241-52.
45. Osherovich LZ, Cox BS, Tuite MF, Weissman JS.
Dissection and design of yeast prions. PLoS Biol 2004;
2:86.
46. Tank EM, Harris DA, Desai AA, True HL. Prion protein repeat expansion results in increased aggregation
and reveals phenotypic variability. Mol Cell Biol 2007;
27:5445-55.
47. Kalastavadi T, True HL. Prion protein insertional
mutations increase aggregation propensity but not fiber
stability. BMC Biochem 2008; 9:7.
48. Parham SN, Resende CG, Tuite MF. Oligopeptide
repeats in the yeast protein Sup35p stabilize intermolecular prion interactions. EMBO J 2001; 20:2111-9.
49. Kadnar ML, Articov G, Derkatch IL. Distinct type of
transmission barrier revealed by study of multiple prion
determinants of Rnq1. PLoS Genet 2010; 6:1000824.
50. Morimoto RI. Proteotoxic stress and inducible chaperone networks in neurodegenerative disease and aging.
Genes Dev 2008; 22:1427-38.

51. True HL. The battle of the fold: chaperones take on
prions. Trends Genet 2006; 22:110-7.
52. Summers DW, Douglas PM, Cyr DM. Prion propagation by Hsp40 molecular chaperones. Prion 2009;
3:59-64.
53. Masison DC, Kirkland PA, Sharma D. Influence of
Hsp70s and their regulators on yeast prion propagation. Prion 2009; 3:65-73.
54. Glover JR, Lindquist S. Hsp104, Hsp70 and Hsp40: a
novel chaperone system that rescues previously aggregated proteins. Cell 1998; 94:73-82.
55. Tipton KA, Verges KJ, Weissman JS. In vivo monitoring of the prion replication cycle reveals a critical role
for Sis1 in delivering substrates to Hsp104. Mol Cell
2008; 32:584-91.
56. Shorter J, Lindquist S. Hsp104 catalyzes formation and
elimination of self-replicating Sup35 prion conformers.
Science 2004; 304:1793-7.
57. Shorter J, Lindquist S. Destruction or potentiation of
different prions catalyzed by similar Hsp104 remodeling activities. Mol Cell 2006; 23:425-38.
58. Inoue Y, Taguchi H, Kishimoto A, Yoshida M. Hsp104
binds to yeast Sup35 prion fiber but needs other
factor(s) to sever it. J Biol Chem 2004; 279:52319-23.
59. Chernoff YO, Lindquist SL, Ono B, Inge-Vechtomov
SG, Liebman SW. Role of the chaperone protein
Hsp104 in propagation of the yeast prion-like factor
[psi+]. Science 1995; 268:880-4.
60. Higurashi T, Hines JK, Sahi C, Aron R, Craig EA.
Specificity of the J-protein Sis1 in the propagation
of 3 yeast prions. Proc Natl Acad Sci USA 2008;
105:16596-601.
61. Moriyama H, Edskes HK, Wickner RB. [URE3] prion
propagation in Saccharomyces cerevisiae: requirement
for chaperone Hsp104 and curing by overexpressed
chaperone Ydj1p. Mol Cell Biol 2000; 20:8916-22.
62. Kirkland PA, Reidy M, Masison DC. Functions of
yeast Hsp40 chaperone Sis1p dispensable for prion
propagation but important for prion curing and protection from prion toxicity. Genetics 2011; 188:565-77.
63. Kurahashi H, Nakamura Y. Channel mutations in
Hsp104 hexamer distinctively affect thermotolerance
and prion-specific propagation. Mol Microbiol 2007;
63:1669-83.
64. Aron R, Higurashi T, Sahi C, Craig EA. J-protein
co-chaperone Sis1 required for generation of [RNQ+]
seeds necessary for prion propagation. EMBO J 2007;
26:3794-803.
65. Lopez N, Aron R, Craig EA. Specificity of class II
Hsp40 Sis1 in maintenance of yeast prion [RNQ(+)].
Mol Biol Cell 2003; 14:1172-81.
66. Summers DW, Douglas PM, Ren HY, Cyr DM. The
type I Hsp40 Ydj1 utilizes a farnesyl moiety and zinc
finger-like region to suppress prion toxicity. J Biol
Chem 2009; 284:3628-39.
67. Cheetham ME, Caplan AJ. Structure, function and
evolution of DnaJ: conservation and adaptation of
chaperone function. Cell Stress Chaperones 1998;
3:28-36.
68. Lu Z, Cyr DM. The conserved carboxyl terminus
and zinc finger-like domain of the co-chaperone Ydj1
assist Hsp70 in protein folding. J Biol Chem 1998;
273:5970-8.
69. Aron R, Lopez N, Walter W, Craig EA, Johnson J.
In vivo bipartite interaction between the Hsp40 Sis1
and Hsp70 in Saccharomyces cerevisiae. Genetics 2005;
169:1873-82.
70. Sindi SS, Serio TR. Prion dynamics and the quest for
the genetic determinant in protein-only inheritance.
Curr Opin Microbiol 2009; 12:623-30.
71. Mathur V, Hong JY, Liebman SW. Ssa1 overexpression and [PIN(+)] variants cure [PSI(+)] by dilution of
aggregates. J Mol Biol 2009; 390:155-67.

72. Derkatch IL, Uptain SM, Outeiro TF, Krishnan R,
Lindquist SL, Liebman SW. Effects of Q/N-rich,
polyQ and non-polyQ amyloids on the de novo formation of the [PSI+] prion in yeast and aggregation
of Sup35 in vitro. Proc Natl Acad Sci USA 2004;
101:12934-9.
73. Bagriantsev S, Liebman SW. Specificity of prion assembly in vivo. J Biol Chem 2004; 279:51042-8.
74. Derkatch IL, Liebman SW. Prion-prion interactions.
Prion 2007; 1:161-9.
75. Sideri TC, Stojanovski K, Tuite MF, Grant CM.
Ribosome-associated peroxiredoxins suppress oxidative
stress-induced de novo formation of the [PSI+] prion in
yeast. Proc Natl Acad Sci USA 2010; 107:6394-9.
76. Namy O, Galopier A, Martini C, Matsufuji S, Fabret
C, Rousset JP. Epigenetic control of polyamines by the
prion [PSI(+)]. Nat Cell Biol 2008.
77. Wickner RB, Edskes HK, Shewmaker F, Nakayashiki
T. Prions of fungi: inherited structures and biological
roles. Nat Rev Microbiol 2007; 5:611-8.
78. Wickner RB, Edskes HK, Shewmaker F, Nakayashiki T,
Engel A, McCann L, et al. Yeast prions: evolution of the
prion concept. Prion 2007; 1:94-100.
79. Namy O, Duchateau-Nguyen G, Rousset JP.
Translational readthrough of the PDE2 stop codon
modulates cAMP levels in Saccharomyces cerevisiae. Mol
Microbiol 2002; 43:641-52.
80. Kryndushkin DS, Engel A, Edskes H, Wickner RB.
Molecular chaperone Hsp104 can promote yeast prion
generation. Genetics 2011; 188:339-48.
81. Withee JL, Sen R, Cyert MS. Ion tolerance of
Saccharomyces cerevisiae lacking the Ca2+/CaMdependent phosphatase (calcineurin) is improved
by mutations in URE2 or PMA1. Genetics 1998;
149:865-78.
82. Kryndushkin DS, Alexandrov IM, Ter-Avanesyan MD,
Kushnirov VV. Yeast [PSI+] prion aggregates are formed
by small Sup35 polymers fragmented by Hsp104. J Biol
Chem 2003.
83. Uptain SM, Sawicki GJ, Caughey B, Lindquist S.
Strains of [PSI(+)] are distinguished by their efficiencies
of prion-mediated conformational conversion. EMBO
J 2001; 20:6236-45.
84. Toyama BH, Kelly MJ, Gross JD, Weissman JS. The
structural basis of yeast prion strain variants. Nature
2007; 449:233-7.
85. Tanaka M, Collins SR, Toyama BH, Weissman JS. The
physical basis of how prion conformations determine
strain phenotypes. Nature 2006; 442:585-9.
86. Angers RC, Kang HE, Napier D, Browning S, Seward
T, Mathiason C, et al. Prion strain mutation determined by prion protein conformational compatibility
and primary structure. Science 2010; 328:1154-8.
87. Legname G, Nguyen HO, Baskakov IV, Cohen FE,
Dearmond SJ, Prusiner SB. Strain-specified characteristics of mouse synthetic prions. Proc Natl Acad Sci USA
2005; 102:2168-73.
88. Bradley ME, Liebman SW. Destabilizing interactions
among [PSI(+)] and [PIN(+)] yeast prion variants.
Genetics 2003; 165:1675-85.
89. Vitrenko YA, Gracheva EO, Richmond JE, Liebman
SW. Visualization of aggregation of the Rnq1 prion
domain and cross-seeding interactions with Sup35NM.
J Biol Chem 2007; 282:1779-87.
90. Salnikova AB, Kryndushkin DS, Smirnov VN,
Kushnirov VV, Ter-Avanesyan MD. Nonsense suppression in yeast cells overproducing Sup35 (eRF3)
is caused by its non-heritable amyloids. J Biol Chem
2005; 280:8808-12.
91. Schwimmer C, Masison DC. Antagonistic interactions
between yeast [PSI(+)] and [URE3] prions and curing
of [URE3] by Hsp70 protein chaperone Ssa1p but not
by Ssa2p. Mol Cell Biol 2002; 22:3590-8.

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

www.landesbioscience.com

Prion

297

92. Kurahashi H, Ishiwata M, Shibata S, Nakamura Y. A
regulatory role of the Rnq1 nonprion domain for prion
propagation and polyglutamine aggregates. Mol Cell
Biol 2008; 28:3313-23.
93. Kurahashi H, Shibata S, Ishiwata M, Nakamura Y.
Selfish prion of Rnq1 mutant in yeast. Genes Cells
2009; 14:659-68.
94. Krobitsch S, Lindquist S. Aggregation of huntingtin
in yeast varies with the length of the polyglutamine
expansion and the expression of chaperone proteins.
Proc Natl Acad Sci USA 2000; 97:1589-94.
95. Meriin AB, Zhang X, He X, Newnam GP, Chernoff
YO, Sherman MY. Huntington toxicity in yeast model
depends on polyglutamine aggregation mediated by a
prion-like protein Rnq1. J Cell Biol 2002; 157:9971004.
96. Gokhale KC, Newnam GP, Sherman MY, Chernoff
YO. Modulation of prion-dependent polyglutamine
aggregation and toxicity by chaperone proteins in the
yeast model. J Biol Chem 2005; 280:22809-18.
97. Muchowski PJ, Schaffar G, Sittler A, Wanker EE,
Hayer-Hartl MK, Hartl FU. Hsp70 and hsp40 chaperones can inhibit self-assembly of polyglutamine proteins into amyloid-like fibrils. Proc Natl Acad Sci USA
2000; 97:7841-6.
98. Goehler H, Droge A, Lurz R, Schnoegl S, Chernoff
YO, Wanker EE. Pathogenic polyglutamine tracts are
potent inducers of spontaneous Sup35 and Rnq1 amyloidogenesis. PLoS One 2010; 5:9642.
99. Urakov VN, Vishnevskaya AB, Alexandrov IM,
Kushnirov VV, Smirnov VN, Ter-Avanesyan MD.
Interdependence of amyloid formation in yeast: implications for polyglutamine disorders and biological
functions. Prion 2010; 4:45-52.

100. Duennwald ML, Jagadish S, Giorgini F, Muchowski
PJ, Lindquist S. A network of protein interactions
determines polyglutamine toxicity. Proc Natl Acad Sci
USA 2006; 103:11051-6.
101. Duennwald ML, Jagadish S, Muchowski PJ, Lindquist
S. Flanking sequences profoundly alter polyglutamine
toxicity in yeast. Proc Natl Acad Sci USA 2006;
103:11045-50.
102. Meriin AB, Zhang X, Miliaras NB, Kazantsev A,
Chernoff YO, McCaffery JM, et al. Aggregation
of expanded polyglutamine domain in yeast leads
to defects in endocytosis. Mol Cell Biol 2003; 23:
7554-65.
103. Meriin AB, Zhang X, Alexandrov IM, Salnikova AB,
Ter-Avanesian MD, Chernoff YO, et al. Endocytosis
machinery is involved in aggregation of proteins with
expanded polyglutamine domains. FASEB J 2007;
21:1915-25.
104. Wang Y, Meriin AB, Costello CE, Sherman MY.
Characterization of proteins associated with polyglutamine aggregates: a novel approach towards isolation of
aggregates from protein conformation disorders. Prion
2007; 1:128-35.
105. Manogaran AL, Hong JY, Hufana J, Tyedmers J,
Lindquist S, Liebman SW. Prion formation and polyglutamine aggregation are controlled by two classes of
genes. PLoS Genet 2011; 7:1001386.
106. Derkatch IL, Bradley ME, Liebman SW. Overexpression
of the SUP45 gene encoding a Sup35p-binding protein
inhibits the induction of the de novo appearance of
the [PSI+] prion. Proc Natl Acad Sci USA 1998; 95:
2400-5.

107. Vishveshwara N, Bradley ME, Liebman SW.
Sequestration of essential proteins causes prion associated toxicity in yeast. Mol Microbiol 2009; 73:
1101-14.
108. Douglas PM, Summers DW, Ren HY, Cyr DM.
Reciprocal efficiency of RNQ1 and polyglutamine
detoxification in the cytosol and nucleus. Mol Biol Cell
2009; 20:4162-73.
109. Fan CY, Ren HY, Lee P, Caplan AJ, Cyr DM. The type
I Hsp40 zinc finger-like region is required for Hsp70
to capture non-native polypeptides from Ydj1. J Biol
Chem 2005; 280:695-702.
110. Li J, Qian X, Sha B. The crystal structure of the yeast
Hsp40 Ydj1 complexed with its peptide substrate.
Structure 2003; 11:1475-83.
111. Berthelot K, Ta HP, Gean J, Lecomte S, Cullin C. In
vivo and in vitro analyses of toxic mutants of HET-s:
FTIR antiparallel signature correlates with amyloid
toxicity. J Mol Biol 2011; 412:137-52.
112. Mitchell-Olds T, Willis JH, Goldstein DB. Which evolutionary processes influence natural genetic variation
for phenotypic traits? Nat Rev Genet 2007; 8:845-56.
113. Quintana-Murci L, Barreiro LB. The role played by
natural selection on Mendelian traits in humans. Ann
NY Acad Sci 2010; 1214:1-17.

©201
1L
andesBi
os
c
i
enc
e.
Donotdi
s
t
r
i
but
e.

298

Prion

Volume 5 Issue 4

